From a Classification Society's viewpoint, the complexity of the problem is enlarged still further to include different tank designs, ship types, principal dimensions and, in some cases operating areas. Notwithstanding the almost infinite variability, it is essential that the Classification Society has an independent, and cost effective means of ensuring that the structure of a tank is adequate to withstand the loads -induced by sloshing.
The scale of the problem dictates the need for mathematical modelling to represent the three components of an assessment procedure, namely, excitation, fluid behaviour and structural analysis.
In stressing the complexity of the problem, the non-absolute nature of the three components becomes obvious, and naturally, to justify the application of any procedure, this must be calibrated by service experience.
Section 2 of this paper describes an excitation procedure, the purpose of which is to impart motions to the tank which result in realistic and representative short-term and long-term maximum responses.
Section 3 details a transient two-dimensional finite difference program used to predict fluid response to imparted excitation. The computed pressures are at present used in a static structural analysis which is based on a plastic collapse theory. However, as the procedure produces pressure time histories, work is underway at Lloyd's Register to match these with a dynamic structural capability.
In Section 4, two alternative methods of excitation are examined, namely, forced irregular motions, which can be derived from full scale measurements or from calculations, and one based on a numerical model of the coupled phenomenon of sloshing and ship motions.
Excitation Procedure
In addition to the global variables mentioned in section 1, other factors such as wall flexibility, gas cushioning, bubble content and the transient nature of dynamic signals complicate the treatment of the sloshing problem. Usually these phenomena are either not correctly scaled in experiments or not included in numerical solutions and therefore, the derived loads (measured or computed) cannot be treated as absolute but have to be applied comparatively on the basis of a procedure that also accounts for previous experience.
For the procedure adopted at Lloyd's Register of Shipping, use is made of numerical simulation of liquid sloshing3).
The objective of any scheme of excitation, which incidentally applies equally to physical or mathematical modelling, is to ensure that one has considered a set of conditions that would give rise to a design maximum pressure envelope on the tank boundaries which can then be set against structural criteria to prevent damage.
There are normally two distinct forms of excitation adopted for sloshing analyses, namely, pure harmonic, where the response is examined at fixed periods and amplitudes, and irregular, where a random motion is generated from selected spectra. At Lloyd's Register both these forms of excitation have been used but a type of 'Sloshing Excitation Spectrum' has finally been adopted, which employs a continuously and smoothly varying period and amplitude of motion.
In this way a single computer run covers excitation ranging from high amplitudes at periods close to the ship's natural period, to lower amplitudes at other periods, so that the maximum design pressures are exposed at some combination of amplitude and period which is dependant on ship and tank conditions.
The adoption of a two-dimensional numerical solution necessitates the separate treatment of excitation in the longitudinal and transverse directions. Thus different runs simulate the roll/sway/heave and the pitch/heave motions.
The effect of surge during excitation in the longitudinal direction has been ignored as it is considered to be negligible. All above degrees of freedom are excited at periods The code has been extended to include boundary conditions which allow for any excitation composed of two translational and one rotational motions.
The rotation is defined about any specified origin and the relative phase angles are chosen at will. pure roll and in a diagonal rotation. Other test conditions3), which also included pure pitching, The agreement is very good for the free surface and the dynamic pressure time histories. It is noted that the computation has also depicted the secondary peaks in the signals, resulting probably from smaller travelling waves. In other comparisons3)which included transducers on the chamfer of the tank, the computation was seen to overestimate the duration and the magnitude of the pressure pulse on the chamfer by a moderate amount, as it might reasonably be expected from the approximation of a sloping surface by a stepped one.
Impact pressures, as differentiated from the dynamic ones, pose a more subtle problem when comparing theory with experiment and when they must be applied to consider the adequacy of a design.
When the time step was halved in the computation then the impulsive pressure was seen to exactly double while the dynamic component remained virtually unaffected. On reflection this is a consistent result, since it shows that the impulse (force-time integral) is time-step independent. Numerical experiments were conducted with the LR. FLUIDS program, whereby a horizontal free surface was made to rise uniformly and subsequently to impact on a horizontal ceiling which did not extend to the full length of the free surface. This allowed the fluid to escape after impact around both ends of the ceiling.
A wide range of time steps was employed, ensuring that at the upper end of the range the free surface, and at the lower end of the range the sound, would travel only through a given fraction of a cell. Two versions of the LR. FLUIDS code were tested, one with the incompressible and the other with the slightly compressible continuity equations. When the time step, was of the order that is normally adopted in sloshing calculations, the two versions gave identical results and both showed the impact pressure doubl ing when the time step was halved. Furthermore when the time step was reduced to the order which allows acoustic pressure waves to propagate (fraction of millisecond) then the incompressible version kept on exactly doubling the pressure with no limit in sight.
The compressible version however reached a constant impact pressure with no effect from further reductions in time step size. The value of this pressure at the centre of the impacted area was precisely equal to the product of the fluid's density times the speed of sound in the fluid times the velocity of the impacting free surface. The pressure reduced away from the centre of the impacted surface, towards the open ends. Also fol lowing the impact a steep pressure wave propagated through the finite difference grid with speed equal to the speed of sound in the fluid. Numerical diffusion however reduced the steepness of this wave as it progressed and as it reflected on different boundaries. All this behaviour was confirmed for various configurations and physical constants of the fluid.
LR. FLUIDS thus proved to be a promising tool for the study of impacts.
For a number of reasons, however, an obvious one being economy in computation and another one being associated with present inadequacies in implementing acoustic type of pressures in design, it was not considered desirable to proceed with computations employing such small time steps. The problem remained, however, what to do with the relative nature of impact pressure magnitudes.
This was tackled by the development of an automatic selection of time step which was calibrated using experimental data of pressures on the chamfer and ceiling of the prismatic tank discussed earlier.
It should be pointed out that this development was completed after producing the comparison for transducer R 7 in figure 7 . The automatic selection of time step was designed to ensure that following an update of velocities no part of the fluid would have travelled more than a certain fraction of a cell. If this condition is violated the simulation steps back in time and repeats the computation with the time step set to half of the previous value.
Furthermore, when the inspection of fluid velocities indicates that a larger time step can be used, this is implemented at the next cycle. The numerical value of the cell fraction condition was chosen as one eighth(1/8) so as : (i) to provide a general agreement between measurement and computation and (ii) to produce impact pressures which when applied to the structural analysis -procedure adopted. at Lloyd's, fits well with the Society's long experience. In the future however a re-examination of this problem is likely to tie in with further developments presently taking place on analysis of structures under impulsive loads.
A limitation of LR. FLUIDS is that it can model only two-dimensional problems.
In the experiments, from which Figures 5-7 are drawn, an attempt was made to quantify the three-dimensional effect by imparting a diagonal excitation to the tank.
In this situation, it was observed that when the forcing period was away from either the natural period of the liquid in the roll plane, or of that in the pitch plane, there was little liquid motion.
Also when the forcing period was at or near either of the natural periods, the liquid motion was confined in the plane of the motion whose period was excited. This clear separation of responses is attributed to the fact that the tank's breadth to length ratio (=1. 86) resulted in distinctly different natural periods in the two principal planes and thus each of these motions was excited separately at corresponding periods in the diagonal excitation experiments.
This phenomenon is also reflected on the pressure recordings made on the edge of the tank, as seen for example in figure 7 where experimental measurements of pressure from diagonal tests follow the time history of those from pure roll tests conducted at the same period of excitation.
The wave height recorder was not functioning during the diagonal excitation tests and thus no data are available.
In all cases tested the pressures on the tank's edge obtained from diagonal excitation were never of dissimilar magnitude from those recorded in the pure roll or pure pitch tests at corresponding periods. Naturally, it is expected that if a tank's breadth to length ratio tends to unity, then the roll and pitch natural periods of the liquid would approach each other and the funnelling effect would magnify the loads on the tank's edges. In considering however the likelihood or unlikelihood of diagonal flow, the effect of internal structure must not be ignored, since this There are applications which require a knowledge of the forces and moment exerted by the fluid on a part of a tank's structure, such as an internal member or a bulkhead, or in the complete tank. These loads may be used for example for the esti- tamed in LR. FLUIDS by integrating the pressure around the part of the tank's structure in question, or around all the 'wet' boundaries when the total loads are required. The integration is repeated every time step of the simulation.
A technique for extrapolating pressure from the cell's centre, where it is computed, to the tank's boundary, where it is integrated, had to be devised3). Figures  8 and 9 provide examples of computed time histories of sloshing induced loads. Figure 8 shows the harmonic roll forced excitation and the fluid in duced forces and moment on the shallow filled rectangular tank of figure 2. For interest, the non-linear nature of the induced loads and the 10% increase of 'effective weight' of the fluid from the given excitation are noted.
Also as a check it is noted that following a Fourier analysis of the vertical force component signal, the constant term of the series exactly equals the static weight of the fluid. Figure 9 shows the time histories of forced harmonic excitation in roll, sway and heave and the liquid induced horizontal force on the bulkhead of the tank of figure 3. The considerable increase of the force, from the static value of about O. 3 MN to the dynamic value of 1. 3 MN, should be noted.
To establish confidence in the use of the computed sloshing induced loads, comparisons were conducted with experimental measurements of induced moment on a rectangular tank and on the prismatic tank of figure 43 ). These comparisons covered ranges of the following variables : period and amplitude of rotational excitation, fill height and position of the centre of rotation. Figure 10 shows for the prismatic tank such a comparison for the magnitude of the first harmonic component of the induced moment signal and for the phase angle between this harmonic and the forced oscillation. Results for a range of dimensionless frequencies are presented.
In all tested cases the agreement between computation and experiment has been shown3) to be very satisfactory.
Other
Forms of Excitation A particular strength of the LR. FLUIDS sloshing simulation computer program is the generality of excitation it allows.
In addition to the excitation procedure described in Section 2 of this paper, the following alternatives are available :
4.1 Harmonic Forced Excitation In this case the user decides if the tank is to be excited in 1, 2 or 3 degrees of freedom. The harmonic forced motion is then defined by a period, an amplitude and a phase angle for each of the invoked degrees of freedom.
The phase angles can be specified such that a realistic representation of the ship's behaviour is simulated.
For example, the ship may be forced to roll 'with' or 'against' the wave, and this would depend on the relation between the period of excitation and the ship's natural period.
4.2 Irregular Forced Excitation The tank's motion can also be specified as records of irregular signals of displacements, velocities and accelerations.
These signals may be recordings of real ship motions or can be generated numerically from sea spectra. As the liquid cargo moves, it transmits a force and a moment on the tank and consequently onto the ship.
These liquid induced loads are computed for every time step by an integration of the pressures around the tank boundary, as discussed earlier, and are introduced in equations which model ship motions.
In turn these equations are solved, thus providing values of displacements, velocities and accelerations which are used to excite the sloshing simulation in the subsequent time step.
This process, which is repeated for as long as is required, relies on the input of frequency dependent ship hydrodynamic data, from say a strip theory analysis.
The definition of excitation is then simply made by the specification of the incident wave's height and period.
It is also worth noting here that the additional computational effort required for the coupled solution is negligible. 
